Introduction
Tree encroachment is one of the primary conservation issues in Calluna vulgaris (L.) Hull. dominated heathlands , a priority habitat (Habitats directive 92/43/EEC) and one of the most important cultural landscapes in Europe (Ellenberg 1988) . Heathlands developed as a consequence of anthropogenic forest clearance and Calluna competition strategies (Kayll & Gimingham 1965 , Robinson 1972 , Mallik et al. 1984 , Read et al. 2004 , Bonanomi et al. 2005 . Furthermore, heathlands owe their continuance to forestry, pastoral or agricultural activities (Hobbs & Gimingham 1987) . Tree felling, rotational burning, grazing and harvesting the vegetation for fodder have been common characteristics of heathland management throughout their range of distribution (Webb 1998) .
Woodland encroachment that follows the loss of traditional management practices has been documented extensively for Atlantic heathlands of western and central Europe (Hester et al. 1991 , Mitchell et al. 1997 , Rode 1999 , Manning et al. 2004 , Goldammer et al. 2007 ). In southern Europe, few studies have addressed this issue (Bartolomé et al. 2005 , Borghesio 2009 ), despite a range of concerns regarding tree encroachment. First, Calluna vulgaris reaches its ecological and geographical limits and its competitiveness is limited when faced with encroachment (Gimingham 1960 , Gimingham 1972 . Second, the encroachment process occurs faster than in Atlantic regions , Bartolomé et al. 2005 , Borghesio 2009 ), and, lastly, Calluna-heathlands are fragmented in vulnerable and restricted areas of high ecological value (Bartolomé et al. 2005 , Poldini et al. 2004 , Angiolini et al. 2007 , Borghesio 2009 ).
In north-west Italy, Calluna-heathlands are secondary coenoses that colonized acidic and oligotrophic soils where Querco-Fagetea forests have been harvested or burned, and were used as pastures or to harvest fodder (Sindaco et al. 2003 , Angiolini et al. 2007 , Borghesio 2009 ). Until the post-WWI period, heathlands covered extensive areas (Pavari 1927) , but today they are limited to isolated patches within the agricultural and urban mosaic. The majority of remaining heathlands have been designated as "Managed Nature Reserves" (MNR) in order to safeguard them from deterioration and preserve their values through management (Sindaco et al. 2003 , Sartori et al. 2004 . Despite this protection regime, several studies have observed the loss of the heathland habitat and an increase of woodlands throughout north-west Italy (Regione Piemonte 2004 , Garbarino et al. 2006 , Angiolini et al. 2007 , Borghesio 2009 ). Improving understanding of the ecological factors that trigger transitions to woodlands is the key to developing strategies for heathlands conservation management.
The irrational use of pastoral burning has been recognized as one of the key factors that drives the loss of Calluna-heathlands at the MNR of Vauda, which include one of the most valuable heathlands of north-west Italy (Mugion 1996 , Borghesio 2009 ). Uncontrolled fires every 1-5 years characterize the fire regime of extensive heathland areas within the Reserve (Mugion 1996 , Borghesio 2009 ). Local shepherds ignite the fire in the driest months of late winter, using the föhn wind (Cesti 1990 ) to spread the fire over large areas from the north-west to the south-east side of the Reserve, in order to renew pastures and graze their cattle in spring.
The effect of high frequency burning on the replacement of Calluna-heathlands by grasslands has been documented by several studies and authors agree on the ecological processes involved (Mugion 1996 , Borghesio 2009 .
The relationship between the current fire regime and tree encroachment is less clear. A study involving repeated aerial photographs of the MNR of Vauda (1964 Vauda ( -2004 showed evidence of the gradual loss of the heathland habitat mainly due to an increase in Populus tremula L. (aspen) and Betula pendula Roth (birch) woodlands (Regione Piemonte 2004) . Moreover, the rate of tree encroachment accelerated in the last two decades, with an increase of 476% in cover of young aspen and birch stands against the loss of 44% of the heathland (Regione Piemonte 2004) .
Is this dramatic expansion of woodland related to the current fire regime?
According to Mugion (1996) , the elimination of the Calluna vulgaris by frequent burning depletes the allelopathic substances produced by its roots, thus opening the way for tree encroachment. Borghesio (2009) reports that frequent, low intensity fires appear to enhance woodland expansion: fire stimulates seed germination and seedling establishment of Betula pendula by providing patches of bare soil where competition is low. Moreover, in frequently burned areas, fire intensity is low as a consequence of periodic fuel reduction; consequently the rapid growth of birch seedlings enhances their chances of reaching a stage where they are safe from low intensity fires.
In view of the importance of the heathland habitat in north-west Italy, a better understanding of the relationship between woodland encroachment and the current pastoral burning practices is the key to define suitable management programs for heathland conservation. This paper examines the effect of the fire regime on the age structure and expansion patterns of Populus tremula and Betula pendula stands in the Calluna-heathland habitat. Finally, it discusses the management implications.
Materials and methods
The MNR of Vauda is located 20 km N-NE of Torino (7° 41' E, 45° 13' N) and covers an area of 2635 ha at an altitude ranging from 240 to 480 m. The Reserve is located on a fluvio-glacial terrace dated to the Mindel glaciation (c. 400.000 years ago). Soils are ancient and leached, with fairly low pH (4.8 ± 0.1 -Borghesio 2009). The climate is transitional between continental and suboceanic, characterized by a yearly average precipitation of about 1.130 mm, 305 mm of which accumulates during summer. The mean annual temperature is 11.8°C, with monthly means ranging from 1.4°C in January to 22.1°C in July. The driest month is March with, on average, 35 mm of rain and 0.3 days of snow ).
The study site was located in the central sector of the MNR of Vauda (Fig. 1a) , an area with one of the largest heathlands in the Reserve (Mugion 1996) . Additionally, over the few last decades the area has been affected by frequent wildfires due to pastoral burning (Borghesio 2009 ), and has experienced major increases in woodlands (Regione Piemonte 2004 ).
Analysis of a Quickbird satellite image of the study area from 2004 ( Fig. 1b) showed many isolated, circular shaped stands within the heathland matrix. These stands, mainly constituted by Populus tremula and Betula pendula, were not present at the end of 1970s (Regione Piemonte 2004). Consequently, they developed during the period of major expansion of woodlands, and their structure could represent a key to better understanding the encroachment dynamics within the heathland in relation to the fire regime of the area. The experimental design consisted of analysing the age structure, dendrometric variables and the species composition of three stands which have been selected on the basis of the following characteristics: i) an area of at least 0.2 ha, so as to be considered a forest stand according to the Italian and Regional normative (D.lgs. 227/2001 and L.R. 4/2009 respectively); ii) the stands had to have a similar size and be surrounded by heathlands on all sides; and iii) all stands had to be affected by the same fire regime.
The age structure and dendrometric variables of each stand were characterized in spring 2009. All stands had a multi-layered structure characterized by three distinct layers ( Fig. 2) : a low-density upper-layer mainly comprised of Betula pendula distributed as individuals with evident fire scars on the trunk; a lower-layer made up of a thick stand of Populus tremula and Betula pendula, which were all dead; finally, a high density layer of saplings, mainly of Populus tremula.
The sampling method was different for each layer: 1. Upper-layer: species, diameter at 1.3 m, tree height, age (by counting rings in cores extracted from the scar area and the nonscarred area of the trunk), height of fire scars, crown mortality (according to 4 classes of crown damage expressed as percentage of the crown volume: 0-33%; 33-66%; 66-99%; 100% or dead) and the georeferenced position (recorded with a GPS) were collected for each individual of the stand; 2. Lower-layer: species, diameter at 1.3 m, height and crown mortality were measured for all of the individuals within 12.56 m 2 circular sampling plots randomly distributed within the stand (5 per stand). Age was measured on a sub-sample of 10 individuals per sampling unit by counting rings of a section cut at the stem base. The perimeter of the area on which the lower-layer persisted was georeferenced with a GPS. 3. Saplings-layer: species, diameter at the root-collar, height and crown mortality were measured for all of the individuals within a 3.14 m 2 circular sampling unit randomly located within the stand (10 per stand). Age was measured on a sub-sample of 10 individuals per sampling unit. The perimeter of the sapling layer was georeferenced with a GPS. Variable means were compared with the analysis of variance including the year in which wildfires occurred and the stand as fixed factors. Significant differences were tested with the Bonferroni post-hoc range test (P < 0.05). Data were examined for homogeneity of variance (Levene test).
The grass and shrub species of the understory (including tree saplings) were surveyed using the vertical point quadrat method (Daget & Poissonet 1971) along 30-m transects (4 per stand). The transects had origins in the centre of the stand and faced the four cardinal points, in order to assess species abundance along a gradient from the interior of the stand to the surrounding heathland on all sides. In each transect, at each 20-cm interval, species touching a steel needle were identified and recorded. Records were divided into sets corresponding to segments of 5 m in length, which divided each transect into 6 portions progressively distanced from the stand centre. For each segment the absolute number of point intercepts of every species (SFi) was calculated. Species relative abundance (SCi) for each segment was then calculated according to the following equation (Daget & Poissonet 1971-eqn 
The SCi of each species was finally studied in relation to the distance of the segment from the origin (centre of the stand) by linear regression analyses. Correlation analysis was used to test competition between species.
All analyses were performed using the SPSS v.16.0 statistical package (SPSS 2007) .
Results and discussion
The fire regime of the study area was determined for the last two decades. According to the wildfire statistics of the Corpo Forestale dello Stato (1986 Stato ( -2009 The fire scar analysis confirmed that all stands experienced the same fire regime. In 2009, the majority of birch individuals of the upper layer showed two scars overlapping on the south-east side of the trunk (Fig. 3) . The difference in the number of tree rings between cores extracted from the scar area and the non-scarred area ranged from 10 to 11 years. Consequently, the deeper scar corresponds to the 1998 fire, as reported by wildfire statistics of the study area. The overlapped scar is probably due to the 2003 wildfire, but it was not possible to determine by tree ring counting. The charred bark on the south-east side of the trunk verified the 2008 wildfire. Average (± SE) scar heights of the 1998 and 2003 wildfires were 1.35 ± 0.05 m and 1.44 ± 0.07, respectively, and were not significantly different among stands (F[2,41] = 0.137, P < 0.872) and years (F[1,41] = 2.466, P < 0.124). The average height of the charred bark after the 2008 wildfire was 1.60 ± 0.04. Consequently, the three wildfires behaved similarly: they were all winter fires occurring in the driest month of March in heath fuels; they all spread with the föhn wind from north-west to south-east; and finally they manifested a similar severity on the trunk as evidenced by fire-scar heights.
All stands showed the same age structure and dendrometric characteristics. Average values of variables observed in spring 2009, together with the results of the analysis of variance, are reported for each layer in Tab. 1. No significant differences were found among stands for most of the measured variables. Consequently, we can state that all stands belong to the same population and are representative of the encroachment dynamic The upper layer was made up of only birch individuals with an average age of 21 years; consequently birches established at the end of 1980s. It is difficult to determine if their origin was gamic or agamic but the distribution of individuals could indicate a seed origin. Several authors report that birch establishes on bare soils, as the ability of seedlings to penetrate the canopy of Calluna is low, whereas in open conditions birch is at an advantage and can compete effectively with other species (Hester et al. 1991 , Atkinson 1992 , Reyes et al. 1997 , Manning et al. 2004 . Recently burned areas are ideal for germination of birch seeds and the establishment of seedlings: ash promotes seed germination and increases root growth during the most sensitive period of seedlings development, thus promoting their survival (Gimingham 1972 , Atkinson 1992 ). Moreover, burning may remove allelophatic effects of the Calluna (Mugion 1996 , Bonanomi et al. 2005 . Consequently, we could suppose that birch individuals of the upper-layer established within the heathland as a consequence of a disturbance in the mid-1980s. This disturbance event could be a wildfire, but no fire statistics are available for the study site before 1986.
What is certain is that most birch individuals of the upper-layer resisted the 1998, 2003 and 2008 wildfires. According to the crown mortality observed in 2009 (Tab. 1), only 36% of birch trees were dead (Class 4), whereas 20% of the individuals did not show crown mortality (Class 1). Betula pendula, in fact, has a moderate resistance to fire (Reyes et al. 1997) . Preliminary results of a field fire experiment carried out at the MNR of Vauda (Ascoli 2008) , which studied the effects of fire behaviour on the probability of tree mortality vs. stem diameter, showed that birch stem mortality decreases significantly for individuals with a diameter larger than 6 cm, both after fire fronts of low intensity (< 500 kW m -1 ) and of moderate intensity (500-2000 kW m -1 ). Consequently, we could suppose that birch individuals of the upper layer, in the absence of fire from their establishment until 1998, managed to grow large enough that they were able to survive consecutive wildfires of moderate intensity in 1998, 2003 and 2008 .
The lower-layer was made up of 87% Populus tremula and 13% Betula pendula with an average age of 4.7 years. All individuals were dead (Tab. 1). It is not clear if aspen established at the same time as birch, or entered the stand after birch was already present. It is known that fire promotes the germination of aspen seeds and early seedling development (Latva-Karjanmaa et al. 2005) . Consequently, it could have established in the mid-1980s, after the same disturbance event that allowed birch establishment. We could also suppose that birches modified the environment, thus providing suitable sites for aspen (Manning et al. 2004) . In any case, neither snags of aspen nor living individuals dated before 2003 were found in the stand. Consequently, aspen stems, which constituted the early stand, did not survive the 1998 or 2003 wildfires, and their snags were eliminated both by wood decay and by combustion. Nevertheless, the aspen capacity to regenerate asexually by root suckering in a disturbed environment has been well documented (Worrell 1995 , Schimmel & Granström 1996 , Latva-Karjanmaa et al. 2005 , Chantal et al. 2005 . After a fire, when apical dominance is reduced as a consequence of postfire stem mortality, sucker-stimulating cytokinins increase in the roots where buds are protected from heat by the soil stratum, resulting in high sprout capability (Brown & De Byle 1987) . This sprouting gives origin to thick coetaneous stands (Schimmel & Granström 1996) . The lower-layer observed in 2009 was in fact an even-aged population with an average density equal to 51.106 stem ha -1 . Additionally, very little variability was found in stem diameter and height (Tab. 1). As a consequence of the stem mortality induced by the 2003 wildfire to the pre-fire lower-layer, we could suppose that birch in the lower-layer generated from stump suckering, and that aspen generated from root suckering. Subsequently, suckers grew until 2008 when a new wildfire induced 100% stem mortality, as individuals did not yet have the size that could have conferred them resistance traits. This result confirms previous studies which document 100% stem mortality for birch and aspen diameters lower than 6 cm (Brown & De Byle 1987 , Ascoli 2008 .
As a consequence of the lower-layer stem mortality induced by the 2008 wildfire, a new generation of suckers sprouted. The saplings-layer that originated showed a substantial increase in density up to 145 000 stem ha -1 , 94% of which were aspen shoots of one year (Tab. 1).
An interesting result was obtained by analysing the horizontal structure of stands by superimposing the perimeters of stand layers in a GIS environment. In all stands, all the individuals of the upper-layer were included within the area of the lower-layer, which in turn was included within the area of the saplings-layer (Fig. 4) . The average increase in area from the lower-layer to the saplingslayer was 154 ± 26 %. Consequently, stands showed a concentric encroachment dynamic, mainly due to aspen root suckering, whose steps of expansion coincided with the return intervals of wildfires.
The species composition of the grass and shrub understory showed substantial changes from the interior of the stand to the surrounding heathland. Linear regression analysis showed a significant decrease in species relative abundance (SCi) of aspen (P < 0.01; R 2 = 0.84) and birch (P < 0.01; R 2 = 0.34), and a significant increase of Calluna (P < 0.01; R 2 = 0.72), at increasing distances from the stand centre (Fig. 5) . The Calluna distribution showed a marked rise at a distance between 15-20 m from the centre, which corresponds to the new encroached area by aspen suckers after the 2008 wildfire. At larger distances, it stabilizes around 12%, which is in accordance with the SCi observed at the second vegetative season after experimental fires conducted in the MNR of Vauda to test Calluna regeneration rates in absence of tree encroachment (Ascoli 2008) .
The marked difference in species relative abundance between the interior of the stand and the surrounding heathland was related to aspen density. The Spearman correlation coefficients between the SCi of heathland species vs. aspen are reported (Fig. 6) . Molinia arundinacea was positively correlated to aspen, denoting its strong competitiveness under the tree cover and its marked resilience to fire (Brys et al. 2005 ). By contrast, Gentiana pneumonanthe L., Nardus stricta L., Genista tinctoria L., Serratula tinctoria L., Carex panicea L. and Calluna vulgaris, which characterise the heathland habitat of this portion of the MNR of Vauda (Mugion 1996 , Regione Piemonte 2004 , were negatively correlated to aspen. 
Conclusions
The present study enabled a deeper understanding of the ecological processes involved in birch and aspen encroachment dynamics in Calluna-heathlands of north-west Italy. Fire is one of the main determinants that trigger transition towards woodlands. Fire provides suitable sites for birch and aspen seed germination and seedling establishment by removing the vegetation cover and depleting allelophatic compounds, as previously observed by Borghesio (2009) and Mugion (1996) . After initial establishment, woodland encroachment is mainly due to aspen agamic regeneration by root suckering after post-fire stem mortality, as evidenced by the present study. Moreover, aspen is the main species that determines the loss of heathland characteristic species, as previously observed by several authors (Mugion 1996 , Regione Piemonte 2004 , Sindaco et al. 2003 , Borghesio 2009 ).
Consequently, fire acts as a catalyst not only for tree establishment, but also for tree stand expansion in the heathland. After each fire event, isolated stands enlarge their area until they merge together. This expansion dynamic also takes place at the border between the heathland habitat and the surrounding birch and aspen forests, thus determining the enclosure of the remaining patches of the heathland. This thesis could explain the increasing rate of transition from heathlands to woodlands, which characterised recent landscape dynamics in the MNR of Vauda (Regione Piemonte 2004 , Borghesio 2009 in correspondence with the increase in fire frequency due to the irrational use of fire by shepherds over last two decades.
Consequently, the current pastoral practices, characterized by the frequent use of fire with a return interval from 1 to 5 years over large areas, and the decrease in grazing stock rate (Borghesio 2009) , are primarily responsible for the loss of the heathland habitat. The reintroduction of traditional burning practices by prescribed burning (FAO 2006) , integrated with rational grazing has been applied in many heathland management programs throughout Europe (Hobbs & Gimingham 1987 , Goldammer et al. 2007 , Davies et al. 2008 , and testing its feasibility for tree control and heathland conservation management in north-west Italy is currently the object of experimental studies ). The debate over burning prescriptions, namely the fire-treatment frequency, season and behaviour presents the next research questions to be addressed.
